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Abstract
A small sub-class of radio galaxies that exhibit a pair of secondary low surface bright-
ness radio lobes oriented at an angle to the primary high surface brightness lobes are
known as X-shaped radio galaxies (XRGs). In cases, it is seen that the less luminous
secondary lobes emerged from the edges of the primary high brightened lobes and thus
gives a Z-symmetric morphology. These are known as Z-shaped radio galaxies (ZRGs).
From the TIFR GMRT Sky Survey at 150 MHz, we present a systematic search result
for XRGs and ZRGs. We identified a total of 92 radio sources, out of which 68 are
XRGs and 24 are ZRGs. Taking advantage of the large sample size of the newly discov-
ered XRGs and ZRGs, various statistical properties of these sources are studied. Out
of 68 XRGs presented in the current paper, 21 percent (14) are FR I and 41 percent
(28) are FR II radio galaxies. For 26 XRGs, the morphology is so complex that they
could not be classified.
We have estimated radio luminosity and spectral index of newly discovered radio
galaxies and made a comparative study with previously detected XRGs and ZRGs.
For XRGs, the average value of luminosities is higher than that of ZRGs. Optical/IR
counterparts are identified for 33 out of 68 XRGs and 19 out of 24 ZRGs using different
available literature.
1 Introduction
An average radio galaxy shows a pair of relativistic radio jets coming out from the central
black hole or active galactic nuclei (AGN), each one directed in the opposite direction. For
a very small sub-class of radio galaxies, in addition to the primary jet pair, another extra
∗E-mail: sabya.pal@gmail.com
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pair of radio jets or wings are visible. These relatively low luminosity and often symmetric
secondary jets extend at an angle to the primary jets with nearly equal or lower than the
length of the primary lobes. Winged radio galaxies are classified in two sub-classes based on
the alignment of the secondary lobes with respect to the primary lobes – ‘X’-shaped radio
galaxies (XRGs) and ‘Z/S’-shaped radio galaxies (ZRGs). For XRGs, primary and secondary
jets pass symmetrically through the centre of the elliptical galaxy which is the source of the
jet pairs. The secondary jets for the ZRGs are seen to emerge from the edges of the primary
jets. The primary lobes of maximum number of XRGs are Fanaroff-Riley type II (FR II)
(Fanaroff & Riley, 1974) and the remaining are either FR I or mixed (Leahy & Parma, 1992;
Merritt & Ekers, 2002; Cheung, 2007; Yang et al., 2019). For all known XRGs, the secondary
lobes are FR I type.
3C 272.1 is the first reported radio galaxy with wings (Riley, 1972) which showed a Z like
structure. Later NGC 326 (Ekers et al., 1978) and NGC 3309 (Dreyer, 1888; Kotanyi, 1990)
also showed signature of wings. The sources with X-shape was first classified as XRGs by
Leahy & Parma (1992) who presented a list of 11 objects with wings. A systematic study to
look for radio galaxies with wings was done by Cheung (2007) (C07 afterwards) who identified
100 XRG candidates using the VLA Faint Images of the Radio Sky at Twenty-centimeters
(FIRST) survey (Becker et al., 1995). Recently, Yang et al. (2019) also reported 290 winged
radio galaxies from the FIRST survey. Proctor (2011) identified 156 XRG candidates by
using an automated morphological classification scheme to the FIRST. Out of these 156
sources, 21 sources were already reported in C07.
There is no consensus so far on the origin of the wings in XRGs. Many models are avail-
able to explain the mechanism behind the formation of these additional wings (Rottmann,
2001; Dennett-Thorpe et al., 2002). The prominent models are
(a) Twin AGN Model: Twin AGNs at the core of an elliptical galaxy, each of the AGN is
emitting a pair of jets (Lal & Rao, 2007).
(b) The plasma backflow: The secondary wings originate from the backflow of synchrotron
plasma deflected by the thermal halo surrounding the host (Leahy & Williams, 1984; Wor-
rall et al., 1995) or in non-spherical gas distribution, the cocoon surrounding the radio-jets
expands laterally at a high rate producing wings of radio emission along the minor axis
(Capetti et al., 2002).
(c) A merger of a pair of black holes (Rottmann, 2001; Merritt & Ekers, 2002; Dennett-
Thorpe et al., 2002; Gong et al., 2011): the merger of a pair of galaxies each of which
contains a super massive black hole (SMBH) is a possibility for the origin of X-shaped radio
morphology. The merger may produce a new jet pair at an axis misaligned from the axis of
the jets before the merger.
(d) Twin jet precession (Rees, 1978; Ekers et al., 1978; Parma et al., 1985; Mack et al., 1994):
Slow conical precession of twin jets.
Though these models are good enough to explain wing-like behaviour from many galaxies,
none of the above models can explain the nature of all the XRGs (Gopal-Krishna et al., 2012).
ZRGs are believed to produce due to merger of two galaxies, each hosting a super massive
black hole in the center. Zier (2005) further claimed that the ram pressure of the gas which
comes out from the smaller galaxy to the ISM of larger galaxy in merging galaxies produces
ZRGs.
The current paper is organised as follows. The definition of XRGs and ZRGs, source
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identification method and identification of optical counterparts of sources are described in
Section 2. The different properties of XRGs (Section 3.3) and ZRGs (Section 3.4) are de-
scribed in Section 3. In Section 4, discussion on different results are made and we summarise
the main conclusions in Section 5.
For the entire discussion in this paper, we used the following ΛCDM cosmology param-
eters: H0 = 67.4 km s
−1 Mpc−1, Ωm = 0.315 and Ωvac = 0.685. Results from the final
full-mission Planck measurements of the CMB anisotropies are used for estimation of these
cosmological constants (Aghanim et al., 2018).
2 Identifying the XRGs and ZRGs
2.1 The TGSS ADR1
The TIFR GMRT Sky Survey (TGSS) used the Giant Metrewave Radio Telescope (GMRT)
at 150 MHz. The survey took place between April 2010 and March 2012. Intema et al. (2017)
independently reprocessed the TGSS data using the SPAM pipeline. The first alternative data
release (ADR1) of Intema et al. (2017) includes continuum stokes I images of 90 percent of the
full sky or 99.5 percent of the radio sky north of –53◦ DEC. The median noise of the survey is
3.5 mJy beam−1 and the resolution is 25′′×25′′ north of 19◦ DEC and 25′′×25′′/ cos(DEC−19◦)
south of 19◦. In total, over 2000 hr of observation time was used over about 200 observing
sessions. The exposure time on each pointing was about 15 min, split over 3–5 scans to
improve UV-coverage.
2.2 Search Strategy
We have searched for XRGs and ZRGs using TGSS ADR1 images. TGSS covered 36900
square degree which is ∼ 90% of the whole sky. We visually examined all 5536 fields of
TGSS images. With the resolution of TGSS (∼ 25′′), we can confidently classify a good
fraction of sources in our list to be X-shaped with characteristic wing length > 80% of the
active lobe. Following Cheung (2007); Yang et al. (2019), we have also included those sources
with the smaller wing size hoping a fraction of these is due to projection effect. It is difficult
to measure the extent of secondary jets as often they are diffused and weak and always lack
bright peaks (hot-spots) at the end.
The number of new XRGs detected from the FIRST survey (Cheung, 2007; Yang et al.,
2019; Bera et al., 2019), which cover 9033 square degree, is more than the present work as
FIRST have better resolution (typically ∼ 5′′, Becker et al. (1995)) and sensitivity (typical
rms of 0.13 mJy) compared to TGSS survey in 150 MHz. But, since the FIRST survey was
carried with the VLA B configuration resulting lack of short spacing in UV coverage, sources
with large size and diffused emission can not be detected by the FIRST survey. That is why
the present paper detected many XRGs and ZRGs in the common coverage region with the
FIRST survey when the angular sizes of these sources are large.
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2.2.1 Definition of XRGs and ZRGs
The secondary lobes of radio galaxies are known as wings. The winged radio galaxies are
classified into two groups depending on the position of the wings - ‘X’-shaped radio galaxies
(XRGs) and ‘Z’-shaped radio galaxies (ZRGs). In XRGs it appears that the secondary lobes
come from the central spot or near the central region. The near central region is defined as
the region within ∼25% of the primary jet length from the central core. If the secondary
lobes tend to come from the edges of the primary jet or the non-near central area, the sources
are classified as ZRGs.
2.2.2 The Optical Counterparts and Properties
For each of the newly discovered XRGs and ZRGs, the optical/IR counterpart was searched
using the Digital Sky Survey (DSS), the Sloan Digital Sky Survey (SDSS) data catalogue
(Gunn et al., 2006; Alam et al., 2015) and NED1. The identification of optical/IR counterpart
was based on the position of the optical/IR source relative to the radio galaxy morphology.
DSS2 red images are overlaid with TGSS ADR 1 images. The positions of the optical/IR
counterparts of XRGs and ZRGs are used as the positions of these sources and are presented
in the 3rd and 4th columns of Table 1 and Table 2. For XRGs, optical/IR counterparts
are found for 33 sources out of a total of 68 sources. For ZRGs, optical/IR counterparts
are found for 19 sources out of 24 sources. The location of the core of the radio galaxy or
the intersection of both radio lobes is used as the position of the galaxies when no clear
optical/IR counterparts are available.
3 Result
The discovery of 68 new XRGs and 24 new ZRGs from TGSS ADR1 is reported. The
spatial distribution of XRGs and ZRGs are shown in Figure 1. XRGs and ZRGs presented in
the current paper are described by red crosses and blue boxes respectively. XRGs mentioned
in Cheung (2007) is shown by green triangles. The sources show random distribution as
expected.
Table 1 and Table 2 list all newly discovered XRGs and ZRGs. The catalogue names
from where the optical counterpart is found is listed in the 5th column of those tables. The
TGSS flux density at 150 MHz is presented in column 6. Using the NRAO VLA Sky Survey
(NVSS) (Condon et al., 1998), we also tabulated the corresponding flux density for each
source at 1400 MHz (column 7). For most sources, NVSS counterparts are found, but due
to less resolution, none of the NVSS images shows the morphological signature of X-shape
and Z-shape sources.
The two-point spectral index between 150 and 1400 MHz (α1400
150
) is calculated when
flux density at 1400 MHz is available and presented in 8th column of Table 1 and 2. In
column 9, the redshifts (z) of these sources are mentioned when available. For the sources
with known redshift, the luminosity of the sources is tabulated in column 10. The name of
1https://ned.ipac.caltech.edu
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Figure 1: Spatial distribution of X and Z shaped radio galaxies. XRGs and ZRGs presented in
the current paper are described by red crosses and blue boxes respectively. XRGs mentioned
in Cheung (2007) are shown by green triangles.
other catalogues in radio wavelengths is listed in the last column, where these sources were
mentioned earlier without identification of them as XRGs or ZRGs.
3.1 Radio Luminosity
We have calculated the radio luminosity (Lrad) of all the newly discovered sources (when
value of z was available) using standard formula (Donoso et al., 2009)
Lrad = 4piDL
2S0(1 + z)
α−1 (1)
where z is the redshift of the radio galaxy, α is the spectral index (S ∝ ν−α), DL is luminosity
distance to the source (Mpc), S0 is the flux density (Jy) at a given frequency.
The source radio luminosities at 150 MHz are in the order of 1025 watt Hz−1, which is
similar to a typical radio galaxy. XRGs have a higher average value of Luminosity compared
to ZRGs. The average value of Log L [watt Hz−1] for XRGs is 26.00 (1σ standard deviation=
0.85, median= 26.08) and that of ZRGs is 25.81 (1σ standard deviation= 0.63, median=
25.89). C07 found average Log L [watt Hz−1] of 25.49 (with 1σ standard deviation= 0.71,
median of 25.31). Thus the XRGs and ZRGs detected from TGSS ADR 1 at 150 MHz
are slightly more luminous compared to those detected from FIRST survey at 1400 MHz.
These values are expected as XRGs are known to have radio luminosities close to FR I-FR
II divission of P178MHz ∼ 2× 10
25 watt Hz−1 sr−1(Leahy & Parma, 1992; Dennett-Thorpe et
al., 2002).
J0929+5156 is the most luminous XRG in our sample with Lrad = 1.34× 10
28 watt Hz−1
(z ∼ 2.23) and J0817+0709 is the most luminous ZRG in our sample with Lrad = 3.24×10
26
watt Hz−1 (z = 0.27). J0039+0319 is the least luminous XRG in our sample with Lrad =
2.8 × 1026 watt Hz−1 (z = 0.01) and J0329+3947 is the least luminous ZRG in our sample
with Lrad = 6× 10
24 watt Hz−1 (z = 0.03).
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Figure 2: Histogram showing spectral index distribution of radio galaxies presented in the
present paper for XRGs (left) and ZRGs (right).
3.2 Spectral Index (α)
The two-point spectral index of newly discovered radio galaxies between 150 and 1400
MHz is calculated assuming S ∝ ν−α, where α is the spectral index and Sν is the radiative flux
density at a given frequency ν. In Table 1 and Table 2, spectral index (α1400
150
) is mentioned.
For 62 XRGs and 22 ZRGs, the spectral index measurements are available. The remaining
6 XRGs and 2 ZRGs were not detectable in NVSS maps, due to low flux densities of these
sources at 1400 MHz. Out of 62 XRGs with spectral index information, 10 (16%) are showing
flat spectrum (α1400
150
< 0.5) only J0020+2351 is having inverted spectrum (α1400
150
< 0) with
α1400
150
= −0.37. Out of 22 XRGs with spectral index information, 9 (41%) are showing flat
spectrum (α1400
150
< 0.5).
Histogram with spectral index distribution for XRGs (left) and ZRGs (right), presented
in the current article, is shown in Figure 2. The distribution shows different peaks for XRGs
and ZRGs. The histogram peaks near 0.6 − 0.7 for XRGs and near 0.4 − 0.5 for ZRGs.
For XRG, the total span of α1400
150
is from −0.37 to 2.97 and for ZRGs, the total span of
α1400
150
is from 0.18 to 1.79. Most radio galaxies show steep radio spectrum α ≥ 0.5, as
expected from the lobe dominated radio galaxies. J0020+2351 is the only source that shows
(α < 0) inverted spectra. Among XRGs, J1020+4830 has the highest spectral index (with
α1400
150
= 2.97) and J0020+2351 has the lowest spectral index (with α1400
150
= −0.37). For
ZRGs, J1952–0117 has the highest spectral index (with α1400
150
= 1.79) and J0558+4316 has
the lowest spectral index (with α1400
150
= 0.18).
3.3 Properties of XRGs
The example of 12 XRGs is shown in Figure 3. The optical images from DSS2 (red) are
overlaid with the radio images from TGSS ADR 1.
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Figure 3: Examples of Radio galaxies exhibiting X-shaped structure.
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Figure 4: The distribution of size of major and minor axes of the discovered radio galaxies
with X-like shape.
3.3.1 Major and Minor Axes
The median size of the major axis for XRGs in our list is 202.25 arcsec. It should be noted
that the present study is looking for XRGs with much higher size than previous systematic
studies based on FIRST survey (Cheung, 2007; Yang et al., 2019; Bera et al., 2019). For
example, most of the sources in Yang et al. (2019) had 10′′ < θmaj < 13
′′.
The variation of the angular size of the major axis of XRGs with the angular size of the
corresponding minor axis is plotted in Figure 4. It should be remembered that measurement
of angular size of minor axis is difficult as most of the time it is diffused and always lack
hotspot at the end. So, extent of the minor axis will depend on the spatial resolution and
depth of the radio map.
For XRGs presented in this paper, a histogram with the distribution of ratio between
the minor and major axes of radio galaxies is shown in Figure 5. Amongst the 68 radio
galaxies included in the Figure, 25 radio galaxies have secondary jets with 50− 75% size of
the primary jets. The secondary jets for 24 radio galaxies are with 75 − 100% size of the
primary jet. The secondary jets are bigger than the primary jets for 5 XRG’s. It should be
remembered that primary jets also could be affected by the projection effect. Wings with
size more than the primary lobes were found earlier also (Cheung, 2007). For example, 4C
+32.25 shows a prominent wings which are more than a factor of 2 extended than its lobes
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Figure 5: Histogram showing the distribution of size between minor and major axes in ‘X’
shaped sources.
(Klein et al., 1995). Among the sources with known redshift, J0157+0209 has the highest
linear size of 1.68 Mpc (with z = 0.22) and J0039+0319 has the lowest linear size 30 kpc
(with z = 0.01).
3.3.2 Angle between the Major and Minor Axes
The distribution of the angle between major and minor axes in XRGs is shown in the
histogram of Figure 7. A good fraction of the sources show wings in near perpendicular
direction. For 38% of the sources, the secondary wings make 80− 90 degree angle with the
primary lobes. Figure 7 shows that the number of sources with smaller angles between major
and minor axes gradually decreases.
The example of 9 ZRGs are shown in Figure 6. The optical images from DSS2 (red) are
overlaid with the radio images from TGSS ADR 1. Of the 24 ZRGs presented in the current
paper, 20 percent (5) are FR I radio galaxies and 58 percent (14) are FR II radio galaxies.
For five ZRGs, the jet morphology is so complex that they could not be classified.
3.3.3 The Angular Size
The distribution of the angular size of ZRGs is shown in Figure 8. The angular size of
the primary jet in between the two oppositely directed secondary wings is measured. The
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Figure 6: Examples of radio galaxies exhibiting Z-shaped structure.
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Figure 7: Histogram showing the angle distribution between minor and major axes in XRGs.
angular size is measured using the AIPS task tvdist.
3.4 Properties of the ZRGs
The present study is looking for relatively larger sample of ZRGs compared to earlier FIRST
survey based studies. Except one, the angular size is greater than 1 arcmin. J0934–3728
is the only source with angular size (22.8 arcsec) less than 1 arcmin. With an angular size
of 6.95 arcmin (at z = 0.06), J0216–4749 is the ZRG with the largest angular size. The
histogram shows a sharp peak near 100 arcsec and 150 arcsec.
Of the sources with known redshift, J1101+1640 is the smallest source with a linear size of
0.10 Mpc. J0934–3728 has the highest linear size of 0.40 Mpc. J0817+0709 and J2125+3738
have a linear size of 0.38 and 0.33 Mpc respectively.
4 Discussion
It is known that most of the winged radio galaxies are FR II type (Leahy & Parma, 1992;
Cheung, 2007; Yang et al., 2019). The present catalogue of XRGs also supports the trend.
Twenty one percent (14) are FR I radio galaxies and forty one percent (28) are FR II radio
galaxies within 68 XRGs presented in the current paper. The jet morphology is complex for
26 XRGs and they can not be categorized.
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Figure 8: Histogram showing the distribution of length of sources with Z symmetry.
The redshifts are known for 23 XRGs and 10 ZRGs out of a total of 68 XRGs and 24
ZRGs respectively. For XRGs, except one source, all other 22 sources have redshift less than
0.5. J0929+5156 is an XRG which has the highest redshift with z = 2.23 (Richards et al.,
2009) amongst all sources presented in the current paper. The nearest XRG is J0039+0319
at z = 0.01. For ZRGs, red shift z < 0.5 for all the sources. J0817+0709 has the largest
redshift among the ZRGs, at z = 0.27 (Richards et al., 2009). J0329+3947 is the closest
ZRG in our sample with z = 0.03.
J1834–0851 is the brightest XRG with flux density of F150 = 33.4 Jy. There are three other
XRGs with flux densities more than 20 Jy (F150 > 20 Jy). The flux densities of J0205+6449,
J0351–2744 and J1714–3811 are 25.1 Jy, 24 Jy and 21.8 Jy respectively. J1952–0117 is the
only ZRG (F150 = 22.9 Jy) which has flux density greater than 20 Jy.
Earlier, systematic searches to look for winged sources were carried out using the FIRST
survey (C07; Yang et al. (2019); Bera et al. (2019)) at 1400 MHz. Due to high resolution in
FIRST image and absence of antennas with shorter baseline, a large number of XRGs and
ZRGs with larger size and diffused emission were missed in FIRST based searches many of
which were detected in the present study. FIRST also covered a limited portion of the sky
compared to TGSS.
As previously mentioned, due to projection effects the wings in XRGs and ZRGs may
be considerably shortened. The asymmetry of flux density between two sides of the wings,
as seen in some XRGs, may suggest that the wings are close to our line of sight and that
12
asymmetry of flux density is due to Doppler boosting.
To explain the existence of XRGs, the backflow of plasma is one of the commonly accepted
models. The buoyancy-driven backflow can not spread faster than the external sound speed
(Leahy & Parma, 1992), and thus the wings created by the buoyancy forces are not expected
to be longer than the main radio lobes which are known to advance supersonically. We find
two sources where wings are longer than the primary axes. So, backflow may still take place
for some of the XRGs, but this is not the only reason for all XRGs (specially with longer
wing sources). But it is also likely that in primary jets, the alignment effect plays a role for
which it appears shorter than the secondary jets.
Discovery of a large number of XRGs and ZRGs shows that this type of source is not
uncommon and we expect to discover more such objects with with a future deeper and high-
resolution survey. High-resolution multi-frequency observation of these sources is encouraged
to support the nature of these sources.
5 Conclusion
We look for X shaped and Z shaped radio galaxies from TGSS ADR 1 at 150 MHz. Our
main findings in this paper are as follows:
• A total of 92 candidate winged radio sources are discovered, of which 68 are XRGs and
24 are ZRGs. This discovery is helping to significantly increase the number of known
XRGs and ZRGs and opens up the possibility of follow-up observations of these sources
with high-resolution deep radio observations and observations in other wavebands.
• It is found that most of the newly discovered XRGs and ZRGs are FR II radio galaxies.
• Optical/IR counterparts are identified for 33 out of 68 XRGs (49%) and 19 out of 24 ZRGs
(79%).
• Most of the XRGs show steep spectral index between 150 MHz and 1400 MHz and only
16% of the sources show flat spectrum but for ZRGs, a good fraction of the sources
(41%) show flat spectrum.
• The average value of luminosities for XRGs is found to be higher than that of ZRGs. The
XRGs and ZRGs detected from present study are slightly more luminous compared to
those detected from FIRST survey at 1400 MHz. The average value of luminosities of
XRGs and ZRGs are close to FR I-FR II division as found previously (viz. C07).
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